Abstract: This paper describes a method to construct a linear model of a Thyristor-Controlled Series Capacitor (TCSC) by analyzing its response in a time domain simulation wherein the TCSC is represented by a detailed instantaneous value model.
If linearizing a power system that includes a TCSC, the linearization will be done for a particular instant with the control algorithms linearized for that particular moment. Therefore the dynamic of the TCSC would not be described. With 'dynamic' is meant the response of the TCSC in the time frame of seconds. Such a low-frequency model will be extracted in this paper. Linear Analysis is a useful tool to study whether a power system is stable and how to tune controllers. The location of a power system's eigenvalues in the complex plane shows whether the power system is stable or not.
As long as the behavior of each component is linear in the current working point (and in a close time interval to the chosen working point) linearization is straight forward. But nowadays the number of non-linear components in power systems is steadily increasing. Such a component is a Thyristor-Controlled Series Capacitor (TCSC). This component switches constantly between different working points and therefore it behaves in a non-linear manner.
The TCSC is built under the assumption that the reactor for each phase is constantly switched on and blocked at the next zero-crossing and that the TCSC, with its control algorithm, passes several different working points. For linearization of such a component, the method shown in this paper is useful.
THE FORM OF A LINEAR MODEL
The aim is to create a linear model that corresponds to, AX = AAx + BAu Once those matrices have been built, the component can be represented as linear and included to the rest of the power system that is ready for linear analysis.
REPRESENTATION OF THE TCSC
The input signal to the Phase Locked Loop (PLL) is a phase current into the TCSC, i,, as described in Fig. 3 .
Output signals from the PLL are signals to activate the Thyristor Pulse Generator (TPG).
The output signals from the PLL are sent both to the Booster (BOO) and the TPG.
Into the BOO also the series capacitor voltage drop for one phase is an input signal. The BOO is boosting (improving) the predicted instants for the next coming zero-crossing of the series capacitor voltage from the PLL. These instants are sent to the TPG.
The TPG calculates the instants at which the thyristors should start conducting and pulse signals are generated to fire the thyristors.
The TCSC-model in this paper does not contain any unit to damp oscillations. In order to do so, the TCSC-model must be completed with a reactance unit that provides a reactance reference value to the control algorithm. In this paper the reference value is fixed.
From the TCSC internal control this means that there are two input signals, i, and U , A , and one output signal, the
The control of the TCSC in this paper is following the Synchronous Voltage Reversal-control algorithm developed firing angle for the thyristor.
in [3] . Here, that control algorithm is only briefly discussed since the DaDer is not focused on it.
Iv. SYSTEM FOR LINEARIZATION OF THE TCSC
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The aim of the TCSC is to create a desired value of the fundamental reactance between the buses on each side of the series capacitor. To do so, the control algorithm calculates the To focus on the dynamic behavior of the TCSC, the linearization is done excluding the dynamics of the rest of the power system. Therefore, a load is connected to Node B and the machine is modeled as an infinite production source, see The control algorithm of the TCSC is in the linearized case set to create a fundamental reactance two times the fundamental reactance of the series capacitor, i.e., 2 * X , . The reactance of the series capacitor is X , = -13.27 fi .
All power system simulations are performed with the power system software SIMPOW, see [4] and [5] .
In the simulations the electrical state is described with the instantaneous value mode using dqo-representation (direct-, quadrature-, and zero-axis, in the following text abbreviated as d-, q-, and zero-axis or -components).
V. SIGNALS USED TO CREATE THE LINEAR MODEL
To obtain an appropriate linear model of the TCSC it has to be disturbed in order to observe its dynamic response.
The load in Fig. 4 will be modeled as a pure d-axis constant current load with id = 1.0 p.u. and i = 0.0 p.u.
until the TCSC is in steady state condition. It should be mentioned that in steady state the voltage drop over the series capacitor contains harmonics. The load is then varied as;
The current in d-axis is increased to 1.10 p.u. at t = 2 s and the current in q-axis is kept constant to 0.0 p.u.
Then the relations of uCd and U to id can be seen in Fig. 5 and 6. The current in d-axis is kept constant to 1.0 p.u. and the current in q-axis is increased to i = 0.1 p.u. at t = 2 s. Then the relations of uCd and U to i can be seen in Fig. 7 and 8. Since there are no un-symmetries outside the TCSC in the example we will study in this paper, there will be no zerocomponents in the current into the TCSC. Also the zero-component voltage drop over the series capacitor can be omitted since it contains no frequencies below the third harmonic and since we are interested in building a linear model for low frequencies, there is no need of representing that voltage.
The signals in Fig. 5 -8 are low-pass filtered with a filter constant of T = 0.01 s. That can be done since we have no interest in frequencies above fundamental frequency.
Hence, in the ABCD-model for the whole TCSC, including internal control, there will be two input signals and two output signals; It is found that an eleventh-order model is enough to describe the behavior of the four relations (4) .
The damping for each pole in the four transfer functions is put on the diagonal of the A -matrix and the imaginary part for each pole is put on the corresponding sides of the diagonal, as in the matrix below. 
VII. AN INTERNAL dq-REFERENCE INSIDE THE LINEAR TCSC-MODEL
The linear TCSC-model contains an internal reference system that refers the incoming deviations in the currents to the steady state current. The steady state current is assumed to be a pure direct-axis current, see Fig. 9 . 
VIII. SYSTEM USED FOR COMPARISONS
The system used for checking the accuracy of the linear model, is presented in Fig. 10 . The system is a simplified model of the TCSC compensated south-north link in Brazil. The two synchronous machines, SI and S2, are modeled as constant voltages behind a transient reactance and equipped with turbines and governors, see Fig. 11 and 12. SN = 900
MVA, H = 6.5 MWSMVA, x = x ' = x = x ' = 1.7 P.U.
The machines have different rated voltages and are assumed to be connected directly to the 500 kV level; UNsl = 500 kV and UNs2 = 530 kV. No transformers are included in the system.
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The TCSC has the same settings as in section IV. The load at Bus A is P = 500 MW and Q = 0 Mvar and it is modeled with constant current character, the impedance of the line between Bus D and Bus E is R = 17.7 a and X = 266 i-2 . It represents a 1000 km long transmission line.
The governors are modeled as in Fig. 1 I.   Fig. 11 . Block diagram of the governor PO in Fig. 11 is the initial mechanical power at t = 0 s, PEG is the active power in the machine, W is the speed of the machine and Y is the gate opening that is the input signal to the turbine. The steam turbines are modeled as in Fig. 12 . In the following three graphs, characteristic signals for machine S1 are outlined. The results from the simulation wherein the linear model was used are in every diagram smaller than the ones obtained in the simulation including the detailed instantaneous value model. The simulations with the linear model are 4000 times faster than the simulation done with the detailed instantaneous value model.
X. COMPARISONS IN LINEAR ANALYSIS
Here follows linear analysis performed to the system. The system is linearized when it has reached steady state, just before the load at Bus A is increased with 10% at t = 6 s.
A. System with the detailed instantaneous value model
Depending on when linear analysis is performed, this model gives different answers since the system topology changes with the thyristors and the control algorithm. In the The eigenvalues in the fifth column are changing and with that means, the power system changes working point.
B. System with the linear model
complex eigenvalues with real part greater than -3 are found.
When using the linear model of the TCSC the following A,,2 =-1.15fJ0.84 and A3,4 =-2.87+jO.63
Also the eleven poles (eigenvalues) we added to the system in section VI can be found among the eigenvalues, but all of them have real parts less than -3 and are therefore not viewed here.
The system with the linear model contains the same eigenvalues, no matter when the linearization is done.
XI. CONCLUSIONS
The paper contains an introduction to why it is necessary to take care of non-linear components before linearizing power systems that include them.
It shows a method to create linear models of non-linear components. A TCSC is such a component and it is linearized in the paper.
Finally, the paper compares the detailed instantaneous value model and the linear model of the TCSC in a network, both in time domain simulations and in linear analysis.
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